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In the additive manufacturing realm, explicitly the direct energy deposition method, there
continues to be numerous advancements along with advantages to control print quality of the
component and the ability to apply the successful repetition of metallic layers consecutively.
Metal additive printed components have the capacity to directly use the component for the
desired application or intended purpose from which the three-dimensional model was created. In
contrast, plastic printers that produce components that would not hold to the physical conditions
required such as a metallic component could withstand.
Research exertions were focused on improving the present Western Michigan University
patented direct energy deposition printing process allowing for increased efficient printing times
while ensuring quality remains within the required specified parameters set by ISO/ASTM
international standards. Issues, some of them common with other metal AM processes, that have
become apparent while using the 3D Hybrid metal printer include uniformity and inconsistency
with the metallic additive layer, in relation to the width and elevation, porosity within each of the
layers printed, and strength comparison against standard stock material. With these issues at
hand, research objectives and duties were arranged into three sectors: a) the improved smooth
integration between the additive and subtractive manufacturing process, b) the material testing
process, c) and the 3D scanning inspection feedback and correction process for each individual

additive layer. In order to deliver results to solve these problems, utilization and extensive
knowledge in how to correctly and properly operate a computer numerical controlled machine,
computer aided manufacturing software, and gas metal arc welding, was required. The goal of
this research is to minimize or completely eliminate these additive manufacturing issues
mentioned above with the 3D Hybrid Metal Printer.
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Prevalent Manufacturing Practices
Large and small manufacturing companies’ primary purpose and goals are to produce
components that are high in quality for customers and to keep margins profitable while keeping
costs as low as possible. Companies spend enormous amounts on prototyping to create components
to determine the viability of the product before their company can produce them on a mass scale.
These prototyping costs come from multiple company divisions, including marketing, engineering,
production, and research and development. Tooling, die costs, machine operators, and suppliers
have a large influence on costs, which can increase depending on the magnitude of the component
being manufactured. If modifications and adjustments are needed, the equipment to produce the
component may only be worth scrap value if the component is found to be unusable for the
intended purpose. When a prototype advances or approaches the final stage of testing and fails,
revisions of prints and plans may need to be implemented, causing companies to start from step
one or to move back to the “drawing board.” These failures, revisions, and alterations can add up
to extremely high new product and component launch concept budgets. Common manufacturing
processes include casting, molding, forming, machining, joining, coating, and, the most recent
addition, additive manufacturing (Afzal, 2018). These high costs can be reduced with the use of
3D metal printers, such as the 3D Hybrid Metal Printer on Western Michigan University’s
Engineering Campus. This printer combines two of the prevalent manufacturing processes:
machining, in the form of milling, and joining, in the form of welding, specifically gas metal arc
welding.

1

Additive Manufacturing Methods
Additive manufacturing (AM) is a technique that deposits material in a precise, preplanned
location, layer on top of layer, allowing for a three-dimensional component to be formed. Research
on 3D Metal printing provides various industries the ability to prototype components quickly and
rapidly within multiple sectors, including medical, dental, and automotive industries (Shahrubudin
et al., 2019). The AM process can substantially benefit companies by having a direct positive
impact on their finances by accelerating the development and decision cycle. AM originally
initiated with plastic resin, which has limitations for structural integrity, while 3D metal printing
has become the next leading innovation in the manufacturing industry. The number of 3D metal
printing methods are evolving with unique and different application processes. Common metal
AM printing techniques include stereolithography, powder bed fusion, and direct energy
deposition. Each of these printing techniques has benefits and limitations, but still use the original
technique of individual layer by layer printing (Duda & Raghavan, 2016).
Stereolithography
The practice and successful execution of AM has taken place since the late 1980s, when
the first stereolithography (SLA) was made available to the public for prototyping (Wohlers,
2014). The SLA printing process (see Figure 1) uses light-reactive resin material that hardens or
cures in place, allowing for additional material to be applied layer on top of layer (Huang & Wang,
2020). The correct light positioning for the curing process of the resin is calculated with the use of
a Standard Tessellation Language (STL), which converts a solid CAD model into small triangular
areas that are used for the approximation of the surface. The STL file of the three-dimensional
component is cut and divided into individual layers, allowing the light to be focused on the correct
position for the curing process. An advantage of using an SLA printer is that SLA prototypes allow
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engineers to identify design defects prior to advancing to the next stage in the manufacturing
process, thereby eliminating costs of requalification of tool and die requirements (Mukhtarkhonov
et al., 2020).

Figure 1: Stereolithography Instrument Layout
Note. The image was created to illustrate how the stereolithography printing technique is performed. From
Marciniec, Adam & Miechowicz, Sławomir (p.18), (2004). Stereolithography - The choice for medical
modelling. Acta Bioeng Biomech. 6.

There are some unique disadvantages of utilizing the SLA printing method that may hinder the
prototype application desired. These disadvantages include printed components that have
commonly brittle structures and cannot be used to full extent of the real-world application they
were designed for. The largest disadvantage is the requirement of post-secondary finishing
operations in order to remove visual marks and support structures required for printing (Hubs,
2022).
Powder Bed Fusion
The AM printing technique of powder bed fusion (PBF; see Figure 2) takes a plastic or
metallic-based powder and forms a three-dimensional part. This powder is heated layer by layer
with an energy source capable of melting or sintering the powder particles along a two-dimensional
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path (Ladani & Sadeghilaridjani, 2021). PBF is not focused on one technique, but includes multiple
printing methods such as 1) selective laser sintering (SLS), 2) selective laser melting (SLM), 3)
direct metal laser sintering (DMLS), 4) selective heat sintering (SHS), and 5) electron beam
melting (BLMS) (Dev Singh et al, 2021).

Figure 2: Powder Bed Fusion Instrument Layout
Each of these techniques are based on the type of solidification the powder material is exposed to.
As with SLA AM, a three-dimensional CAD model is used to extract an STL file, a format that
the printer can process in terms of multiple two-dimensional layers. A plastic or metallic-based
powder is placed inside an initial containment area. The powder is transferred to the printing area,
allowing the heat source to solidify the material in predetermined areas based on the coordinate
positioning from the STL file. After the heat source has been applied and a solidified layer has
been produced, a new layer of powder is applied over the solidified layer, allowing the heat source
4

to build on top of the previous layer. Heat sources for the powder material solidification process
include a laser, electron, or an infrared beam (Singh et al., 2020). Advantages of using the PBF
printing method include a wide range of materials that can be printed, the ability to produce high
density components, and some ability to avoid the need for support structures (Dev Singh et al.,
2021). Disadvantages include lengthened printing times, a required post-heat treatment to maintain
strength integrity, and limited obtainable surface finishes and tolerances (Dev Singh et al., 2021).
Direct Energy Deposition
A direct energy deposition (DED) system combines a material application process and a
heat source that simultaneously deposits on a common focal point (see Figure 3).

Figure 3: Direct Energy Deposition Instrument Layout

Common DED methods are categorized into different techniques depending on: feed type,
which can be powder-based or wire-based, and the type of energy source, which can include laser
beams, electron beams, plasma, or electric arc (Dass & Moridi, 2019). Materials that can be printed
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with the DED process include titanium, nickel, and iron-based metals (Ribeiro et al., 2020).
Western Michigan University’s 3D Hybrid Metal Printer has increased this materials list to include
aluminum (Prostar ER5356), mild steel (Lincoln Electric Super Arc L-50), and stainless steel
(Lincoln Electrics 304L). Advantages of DED printing capabilities include reduced thermal
distortions, a reduction in porosity concerns, and reduction of machining and material costs (Jardin
et al., 2019). Unlike the printing techniques of SLA and PBF, the DED process has a higher
material deposition rate per layer (Saboori et al., 2017). This allows for a reduction in printing
times as well as a reduction in the amount of heat being applied for each printed component. With
a low-resolution build, a post-secondary surface finishing procedure from the DED process may
be required to achieve the surface finish desired on the finished component. However, a DED
printing method that allows for high development rates leads the AM processes in terms of the
type of printed component (Saboori, et al, 2017).
3D Hybrid Metal Printer System
The 3D Hybrid Metal Printers at the Western Michigan University Engineering Campus
uses a DED process and is comprised of two unique and common manufacturing processes that
have been well standardized and practiced for over hundred years. These two manufacturing
processes are commonly referred to as machining and joining. Currently, machining is
accomplished by using a computer numerically controlled (CNC) system. The CNC machine not
only controls the subtractive manufacturing process, but also accepts the location of the additive
manufacturing material deposition.
AM is accomplished with a welding process known as gas metal arc welding (GMAW).
GMAW is a welding technique in which an electric arc is applied to filler metal wire to heat it to
the required melting temperature of the metal material to form the welding pool. This filler metal
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is applied, machined, and reapplied, forming printed layers of metal. This process is performed on
a repetitive cycle that loops between additive and subtractive. There are three advantages of
printing components on the 3D Hybrid Metal Printer rather than other available 3D metal printers,
including the ability to a) print complex geometrical components, b) print components without
support or sub-structure material, and c) avoid secondary machining on separate machine due to
the integration between the additive and subtractive processes. The combination and integration
of these two advanced manufacturing processes allows the patented 3D Hybrid Metal Printer to
take three-dimensional CAD models and designs and transform them into three-dimensional metal
components that can be used in a real-world application as soon as printing has been completed.
Tormach PCNC 1100
The subtractive manufacturing process on the 3D Hybrid Metal Printer is accomplished
with a computer numerically controlled (CNC) machine. This milling CNC machine is a Tormach
PCNC 1100 (see Figure 4).

Figure 4: Tormach PCNC 1100 CNC Machine
Note: This image is a model of the CNC machine used with additional options available
for installation. From Tormach. (2018). Tormach PCNCC 1100 (Document Part Number:
35426) [UM10349 PCNC1100 Manual 0520A].
https://tormach.com/media/asset/u/m/um10349_pcnc1100_manual_0520a_web.pdf

7

Assimilating this machine into 3D metal printing research allows the capabilities of the machine
to be tested to determine the maximum limits of additive metal printing. The PCNC 1100 is a
three-axis machine with an optional fourth-axis attachment. These axes include X, Y, and Z, with
A as the optional fourth axis. The smaller footprint of the machine of less than six feet by four feet
allows for easier maneuverability. The power required to operate the machine is a 240-volt system.
The PCNC 1100 is able to machine wood, plastic, aluminum, hardened steel, stainless steel, and
titanium, a material that is difficult to machine. Tormach integrates the use of high-powered
stepper motors to achieve the movement of the mill bed and spindle to the desired position created
with the CNC G-code input. Electronic pulses sent to the stepper motors are translated into precise
rotational step positions. This allows Tormach to achieve positional incremental errors of less than
0.0006 inches per foot (American Micro Industries, 2021). The PCNC 1100 is classified as an
introductory CNC machine with a starting purchase cost of under $11,000 (1100M-MillsMachines-Tormach, 2022). This low cost is an advantage for the 3D Hybrid Metal Printer:
competitors in the 3D metal printing market start at around $100,000 and, in the case of the
Optomec CS250 (DED), can reach upwards of $220,000 (Kauppila, 2022). These machines use
the same printing technique as the 3D Hybrid Metal Printer— the DED method—but costs are
very dissimilar, since the total price to create the 3D Hybrid Metal Printer is no more than $20,000
for the combination of both the additive and subtractive system.
PathPilot CNC Controller
The Tormach PCNC 1100 uses a CNC control software called PathPilot (see Figure 5),
which runs on a real-time operating system called LinuxCNC. Linux is an open-source operating
system, allowing operators the ability to create improvements in source codes as well as
redistribute alterations to the operating system.
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Figure 5: Tormach PCNC PathPilot Control Software Interface

LinuxCNC is also used as the basis for CNC controller development. This open-source operating
system allows the 3D Hybrid Metal Printer the ability to operate the red-light line laser scanning
system in conducted research work simultaneously with the CNC machine controller. The
Tormach CNC control software interface, Pathpilot, is separated horizontally into two segments,
Notebook and Persistent Controls (Tormach, 2018). Notebook allows the operator to witness threedimensional real-time toolpaths and CNC (G&M) codes pertaining to the program that has been
selected for additive or subtractive manufacturing purposes. Persistent Controls remain
continuously on the screen, allowing for the rapid adjustment needed to run programs, whether the
machine is in a passive state or actively machining. Rapidly needed machine operation controls
include feedrate override, spindle override, and max velocity override (Tormach, 2018).
Tormach offers a cloud-based simulator called PathPilot HUB. This cloud-based system
allows CNC machine operators to prove out their G&M code programming prior to preforming
CNC machine operations. PathPilot’s ease of use allows users to grasp CNC controls quickly
compared to other CNC control interfaces, such as Fanuc and Haas controls.
9

G-Code Commands and M-Code Commands
The positioning and toolpath movements on a CNC machine are controlled with so called
G&M code CNC programming language. As with any programming language, format will differ
slightly, but the operation and identifiers remain the same across multiple CNC control software
platforms. The manual data input mode (MDI) line on any CNC machine can be used to write and
execute single lines of G-codes instantly, without having to write a complete G-code program. The
“G” alphanumeric identifier, representing geometry, controls the movement of the CNC axes on
the machine (American Micro Industries, 2021). The numeric value of the G-code instructs the
CNC machine to operate with different geometrical movements (see Figure 6).

Figure 6: Summary of Main G-Codes
Note: This table was created to illustrate the vast number of G codes that are used to machine.
From Tormach. (p.114-115), (2018). Tormach PCNCC 1100 (Document Part Number: 35426)
[UM10349 PCNC1100 Manual 0520A].
https://tormach.com/media/asset/u/m/um10349_pcnc1100_manual_0520a_web.pdf

For instance, G00 X1.0 rapidly moves the X axis to the machine coordinate position of one inch.
If G00 is replaced with G01 X1.0 F15, the machine will still move to the X1.0 position, but will
perform a linear interpolation based a feedrate selection. This linear interpolation is defined by
10

implementing “F” at the end of G01 (e.g. F15 means 15 feet per minute), creating the speed of the
movement in inches per minute or millimeters per minute, based on the G-code unit identifier.
While G-codes are implemented for the geometrical movements of the CNC machine, Mcodes (see Figure 7) operate the miscellaneous, yet still vital, machine functions not pertinent to
the subtractive manufacturing process.

Figure 7: Summary of Main M-Codes
Note: This table was created to illustrate the number of M-codes that are used to machine. From
Tormach (p.145), (2018). Tormach PCNCC 1100 (Document Part Number: 35426) [UM10349
PCNC1100 Manual 0520A].
https://tormach.com/media/asset/u/m/um10349_pcnc1100_manual_0520a_web.pdf

These basic machine functions include spindle rotation, program terminations, and relay
activations. CAD and CAM software’s are typically applied to create G&M code programs.
However, CNC operators should be familiar and become knowledgeable with CNC programing in
order modify and create alterations that may be required during the subtractive manufacturing
operation.
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Lincoln Electric Power MIG 350 MP Welder
Welding, a fabrication process, is the joining of similar metals together by means of an
electric current. Industries such as automotive, construction, and aviation depend heavily on this
technology (Skilled Trades, 2017). The two methods of welding are fusion, with and without
pressure, and non-fusion. Fusion welding without pressure, the most widely used method of
welding, is the joining of similar and dissimilar metals with an electric arc or gas resource
(Gwalior, 2011). In fusion welding without pressure, there are different forms of welding
techniques, including arc welding, gas welding, and chemical reaction welding (Gwalior, 2011).
A GMAW process (Figure 8) is the DED process that is integrated into the 3D Hybrid Metal Printer
for printing metal components.

Figure 8: Gas Metal Arc Welding Procedure
Note: This figure was created showing the components to the GMAW Process. From
Choudhary, Teena & Chaudhary, Kailash. (p.147), (2017). A Study on Effect of Various Process
Variables in Gas Metal Arc Welding.

GMAW is the process of heating filler metal with an electric arc in order to attach two similar
materials together with the protection of an inert shielding gas. Advantages of GMAW include the
ability to successfully weld ferrous and nonferrous metals, the application of large material
deposition rates, and the easy integration of automated and semi-automated welding applications
12

(Choudhary & Chaudhary, 2017). Large deposition rates can be achieved due to the design of the
continuous wire feeding capabilities on the GMAW welder. This process may also be referred to
as metal inert gas (MIG) welding. The two main consumables in the GMAW process include the
welding wire and the inert shielding gas. Shielding gas is required to protect the molten weld pool
from atmosphere gases, including oxygen and nitrogen (Choudhary & Chaudhary, 2017).
Shielding gasses vary based on the type of material being welded, and can include, but are not
limited to, argon, carbon dioxide, helium, nitrogen, or a combination of two together (Kikani,
2016). The brand of GMAW welder implemented on the 3D Hybrid Metal Printer is a Lincoln
Electric Power MIG 350 MP. Features of this welder include an aluminum pulse process, multiprocess capabilities, and pulse on pulse welding (Lincoln Electric, 2019). Critical welding
parameters that can be easily altered with the control board on the Lincoln Electric 350 MP welder
include wire feed speed and trim (see Figure 9).

Figure 9: Lincoln Electric 350 MP MIG Welder Control Board
Note: This figure illustrates the parameter settings available to change an alter on the LE MIG 350 MP
welder. From LINCOLN ELECTRIC (p.2), (2019). POWER MIG 350MP: THE
PROFESSIONAL’S CHOICE (Version K2403-1) [WIRE FEEDER/WELDERS].
https://www.lincolnelectric.com/assets/global/Products/K2403-2/e757.pdf
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Wire feed speed controls the rate at which the consumable welding wire is released from the
machine’s nozzle in inches per minute. The trim setting allows for the adjustment of the voltage,
which directly controls the arc length. Arc length is the measurement between the tip of the
exposed welding wire and the surface of the weld puddle (Choudhary & Chaudhary, 2017).
Controlling arc length is crucial to controlling the width and height of the weld bead. Increased
voltage produces a wider and flatter weld bead, while low voltage has the opposite effect
(Choudhary & Chaudhary, 2017). The control board on the Lincoln Electric MIG welder is simple
to use and allows the control of parameter modifications for the DED process, which creates
optimally formed additive layers during the metal printing process.
Computer-Aided Manufacturing Software: Autodesk Inventor CAM
Before the introduction of computer-aided manufacturing (CAM) software, CNC G&M
codes for toolpath geometrical movement and machine functions were written and entered on the
control software individually, line by line. This tedious, time-consuming task of inputting G&M
codes increased the probability of human error. Over the years CNC processes have advanced to
reduce these errors. Autodesk, an American multinational software company, is the developer of
Inventor CAM software, which is extensively used with the 3D Hybrid Metal Printer.
Inventor CAM has a fully integrated CNC programming package that takes a 3D model
and simulates the machined parts within one application (Palinkas et al, 2016). The tensile test
specimen in Figure 10 is an example of the subtractive machining operation toolpath simulation
of a contour. Inventor CAM is used by designers and engineers that have extensive knowledge and
familiarity with its three-dimensional modeling side user interface (Autodesk, 2022).
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Figure 10: Autodesk Inventor CAM Contour Machining Toolpath Simulation:
Tensile Test Specimen

Advantages of using CAM software include ease of use, even for those with an absence of
or non-extensive experience with programming or with no background in G&M code
programming (Bayesteh et al, 2015). There are many CNC machines accessible today, each having
their own form of dialect for G&M code programming formats. When the machining or
measurement probing toolpaths are generated, the post processing system creates the G&M codes
for the specific control software format for the CNC machine selected, which allows the operator
to implement the posted program without the requirement of modifications of the code format.
There are advantages and disadvantages to the use of post processing in CAM software. The
relevant advantage is the significant reduction or elimination of manual programming. A
disadvantage occurs when the operator does not understand why and how the CNC machine is
creating these geometrical movements. If additional programming commands are needed during
production, the CNC operator will not understand how and where to add alterations. A return to
the CAM computer software will be required to post the alterations again and to transfer the G&M
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code data to the CNC machine, losing machining up-time. Given these advantages and
disadvantages, a software product like Inventor, with CAM software integration, reduces
processing time and increases the G&M code reliability.
Optimization of the Hybrid 3D Metal Printer
One of the main difficulties in combining the additive and subtractive manufacturing
processes was integrating each process while removing their independent requirements. During
the initial stages of research with the 3D Hybrid Metal Printer, while early testing and machine
operation was being conducted, areas of insufficiency were witnessed and observed. Additional
components were attached to the machine without performing proper assembly, ensuring proper
manufacturing conditions, and considering how to properly overcome design challenges.
Insufficiencies included the limited range and operation of the additive manufacturing GMAW
torch, the lack of tool changing abilities, the increased print times due to warpage of the base
additive base plate, and overall safety concerns about how the machine was operated during the
printing process. With restricting limitations on and concerns about the 3D Hybrid Metal Printer,
the focus was applied on how to provide solutions and improvements.
GMAW Torch Mount
Previous Western Michigan University graduate students had been tasked with improving
the 3D Hybrid Metal Printer by using manufactured GMAW mounts comprised of heavy steel
plates, hose clamps, tape, manual toggle switches, and dual motion electrical linear actuators (see
Figure 11). These combined components allowed the GMAW torch to be adhered to the machine.
The electric actuator was manually controlled by the means of a three-way toggle switch mounted
above the actuator. To raise or lower the GMAW torch, the operator was required to extend his or
her reach over the metal printing bed area as the machine was in a dwell or paused state.
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Figure 11: Original GMAW Mounting Configuration

This extended reach required human interference consistently for every additive layer that was
applied. In addition, this caused an increased risk to the operator’s safety, since the application of
additive material produces a significant amount of heat and light with potential to cause a harmful
burn. When the electric actuator was activated, there was difficulty in consistent repeatability in
the position of the lowest final placement of the GMAW torch, the additive application position.
This repeatability inaccuracy was caused by both the insecurity of the electronic actuator in its
mount on the steel bracket and the improper fastening of the steel bracket to the spindle housing.
Other areas of deficiencies in this previous design and construction included a lack of additive
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wire cable support to the GMAW torch and the large coordinate positioning offset that was
required, which limited the maximum printing area possible on the machine.
Understanding these deficiencies, the construction and development of a new GMAW
torch mount for the additive manufacturing process was established to be the best solution in
eliminating these limitations. The new GMAW torch mount (see Figure 12) was designed in
Autodesk Inventor with a manufacturing material selection of 6061 aluminum.

Figure 12: New GMAW CAD Model Mounting Configuration

This material was selected for this application since 6061 aluminum has “excellent
machinability and weldability” (Harcourt, 2018). The newly redesigned GMAW torch mount was
designed with a top hinge pin system, allowing for the torch mount to be inclined vertically at
certain times, permitting for manual tool changes to occur and for the regularly required machine
maintenance inside the spindle housing. The previous location of the mount was on the leftward
side of the spindle, facing forward. The decision to relocate the position to the rightward side of
the spindle housing allowed for the mounting of possible future equipment that could assist with
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expanding the printing process to the 3D Hybrid Metal Printer. After the CAD model and the
dynamic simulation were completed on the new GMAW torch mount bracket, the redesigned
mount was milled, welded, and assembled at the manufacturing facility Rance Aluminum, in
Elkhart Indiana. The GMAW torch mount was secured to the stationary surface of the spindle
housing with four mounting locations using high-grade steel bolts. This mounting relocation
allowed for the vertical shifting of the bracket to occur from right to left (see Figure 13).

Figure 13: New GMAW Mounting Configuration: Version 1.0

The positioning of the GMAW torch was previously accomplished by an electric actuator. For the
new GMAW torch mount, the electric actuator was replaced with a linear rail guide, along with
the addition of a stepper motor to rotate the ball lead screw. To control the direction of rotation on
the stepper motor, an Arduino control board was programmed to allow positional movements (see
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Figure 14). A program from the CNC sends a signal to the programmable Arduino controller,
which moves the actuator into the working position. For the 3D printing process, two critical
GMAW torch position locations were required: a retracted dwell position and the advanced
additive position. These GMAW torch positions were obtained with the use of CNC (G&M) code
programming and a USB M-code controlled input and output relay with normally open and closed
limit switches (see Figure 15). The M-code that allows positioning of the GMAW Torch in the
additive position is M64 P0 and in the retracted dwell position is M65 P0.

Figure 15: USB M-Code Input & Output Relay
Note: This figure illustrates the components of the USB input/output relay.
From USB M-Code I/O Interface Kit. (2022). TORMACH.
https://tormach.com/usb-m-code-io-interface-kit-32616.html

Figure 14: Arduino Control Board

The previous 3D Hybrid Metal Printer additive manufacturing prints utilized a vertical
GMAW torch for the material application process. This torch was reclaimed from the previous
initial assembly. Observations during testing concluded that the vertical GMAW torch severely
reduced the total possible printing area by more than ten inches and required a coordinate system
to be changed by that distance. This measurement was taken from the center of the spindle to the
center of the GMAW torch. This large printing area reduction impeded not only the possibility of
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producing larger printed components, but also prevented the mounting of additional tooling and
sensors needed for process optimization.
The substantial offset limitation showed the need for a required revision to decrease the
offset between the additive and subtractive manufacturing processes. The acquired 45-degree
GMAW torch head was determined to be the best option solving for this problem. For the
aluminum bracket to receive this new, angular GMAW torch, reconfiguration of the lower mount
section of the linear rail guide and the stepper motor was required (see Figure 16 and Figure 17).
The linear rail guide was mounted on a 45-degree angle, maintaining the GMAW torch nozzle
parallel with the printing bed. This new mounting position decreased the coordinate offset from
10 to only 4 inches, a 60 percent increase in additional printing volume capabilities.

Figure 16: New GMAW Mounting
Configuration: Version 2.0 Additive Position
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Figure 17: New GMAW Mounting
Configuration: Version 2.0 Vertical Position

Linear Automatic Tool Changer
The CNC Tormach milling machine used for the 3D Hybrid Metal Printer was previously
working with manually loaded tools. A new approach was needed for an automatic tool changer
(ATC) that would allow not only tools, but also a measuring sensor, touch probe, cameras, and
line laser scanner to be accommodated.
Previous graduate student efforts operating the 3D Hybrid Metal Printer required arduous
physical tool replacements that increased the amount of printing time required for a metal
component. The CNC uses a TTS, or a Tormach Tooling System, that uses an R8 collet holder to
hold tool shanks. After the successful installation of the GMAW torch mount, it was still necessary
for users to remove and replace tools in order to machine and measure the component being
printed. This task was accomplished with a labor-intensive four-step process:
1) The GMAW torch mount was first vertically raised, with the hinge pin design allowing
the spindle housing containment door to be accessed and opened freely, revealing the spindle
components.
2) Second, the threaded drawbar shaft, which allowed the tool to be released from the R8
collet, was loosened, allowing removal from the spindle.
3) Third, the desired tool was then inserted and the threaded drawbar shaft was tightened,
allowing the new tool to be securely placed in the spindle.
4) Fourth, the spindle housing door was closed, activating the safety spindle housing limit
switch, and the GMAW torch mount was lowered into the correct printing position.
These four steps reduced efficiency through increased printing times and vast amounts of
human interaction with the printing process. To increase efficiency and to reduce and completely
remove the human interaction required, an ATC was designed for the 3D Hybrid Metal Printer.
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The CNC incorporated with the metal printer has options for add-on automatic tool changers with
a ten-station tooling tray and carousel position feedback system (Tormach, 2022). This tool
changer contains an encompassed carousel tool dwell position design that could not be utilized for
the scanning and probing devices and was planned to be used in later research work for the additive
manufacturing process.
An exclusive ATC was designed and manufactured for this specific purpose (see Figure
18). This device was designed, manufactured, and welded out of 6061 aluminum. This tool changer
held four tools, for both the additive and subtractive manufacturing processes. Tools were held in
the dwell state with the use of plastic ATC forks that applied pressure when tools were inserted
during a tool change. The total usable printing area on the 3D Hybrid Metal Printer in limited
supply on the machine. Taking this into account during the design process, a pneumatic controlled
linear rail guide was implemented (see Figure 19) to retract and advance the tool changer to and
from the metal printing area. This allowed the maximum printing area to be maintained.

Figure 18: Linear Automatic
Tool Changer

Figure 19: Pneumatic Linear Rail Guide

To operate the pneumatic linear rail guide, a 12-volt, two-way pneumatic solenoid valve
(see Figure 20) was installed that allowed compressed air to be electronically controlled in and out
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of the cylinder. Solenoid activation was accomplished with use of the USB input and output relay,
directly controlled by the CNC machine. The M-codes that correlate to the advancement and
retraction of the tool changer are M64 P2 (advancement) and M65 P2 (retracement). The new
coordinate system G59.1 was defined to create the tool changing programs.

Figure 20: Pneumatic Solenoid Valve

The removal of the second and third step of the four-step manual tool change process
automated utilizing a pneumatic power drawbar (see Figure 21).

Figure 21: Pneumatic Power Drawbar

This power drawbar releases and loosens the tension on the threaded shaft, which allowed the
release and retightening of the tool shank in the R8 collet. For the tool change operation to run
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smoothly, two combined subroutine programs were required for the successful removal and
loading of each individual tool (see Figure 22 and Figure 23).

Figure 22: Subprogram for Tool Retrieval

Figure 23: Subprogram for Tool Loading

Eight total G&M code programs were required for the complete utilization of the automatic tool
changer. Four were required for loading and four for unloading. The G-code programming
involved specific M-code commands that would operate the USB input and output relays. The Mcode M64 P2 would advance the tool changer to the loading position. The spindle would be moved
directly over the shank of the tool before the M64 P1 M-code would be called to activate the power
drawbar. The spindle would be lowered onto the shank. Once fully seated, M64 P1 would
deactivate the power drawbar, closing the R8 collet around the tool. The spindle would advance in
the positive X direction, pulling the tool out of the tool holder. M65 P2 would retract the tool
changer to the original dwell position.
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The successful completion of this new ATC completely removed the need for any operator
interaction. This repetition of programming removed human error in loading and unloading
additive and subtractive tools on the 3D Hybrid Metal Printer. The wiring schematic for the linear
automatic tool changer control system can be viewed in Figure 24.

Figure 24: Linear Automatic Tool Changing Schematic
Heat Displacement Systems
During the GMAW metal additive manufacturing process, a large amount of heat is
produced during the welding deposition. This heat accumulation concentrated on a local, exposed
area for a long amount of time creates an upward warp to the starting additive printing base plate.
This warpage adds complications and difficulties in maintaining proper machining practices and
tolerances on the component being printed. Areas of concern with this warpage are 1) the accurate
fixing of the component in the vice, 2) coordinate positioning errors and offsets, 3) and the
component being printed out of the dimensional specifications required.
As the baseplate began to warp, the security of the printing baseplate in the machining vice
became compromised. This instability required tightening and or repositioning of the printing
baseplate in the machining vice. This repositioning would reduce the total surface area being
clamped and created offset and alignment problems. The previous solution created to combat this
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problem was to increase the total additive height of the component so that separation from the
baseplate could be performed, leaving the component enough material during the final machining
process. This additional printing added time and wasted valuable resources, including material.
To combat this warpage, two solutions were designed and developed. The first solution
designed and built was a closed loop cooling plate that mounted below the printing base plate in
the machining vice (see Figure 25).

Figure 25: Cooling Plate System Version 1.0
A pump would circulate and carry coolant through braided stainless steel lines to the cooling plate
and back to the holding tank. This heat removal process was in the form of conduction heat loss,
where the higher temperature of the printing baseplate would transfer heat to the cooling plate, the
component with the lower temperature. An issue arose while testing this application: as the printing
baseplate began to warp, a layer of air between the cooling baseplate and the printing baseplate
formed, which reduced the conduction heat loss process and rendered the cooling plate useless.
After redesign and narrowing of the challenges at hand, a cooling chamber system was designed
to allow the printing baseplate and the cooling plate to be integrated.
This redesign of the cooling apparatus was manufactured out of a single-walled, stainless
steel square tube with one quarter of an inch in thickness. Similar to the first rendition, fluid is
pumped through one opening and flows out another, creating another closed loop cooling system
(see Figure 26).
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Figure 26: Cooling Plate System Version 2.0

The difference between the previous and the current systems is that in the current system the
coolant is always in contact with the metal additive baseplate. This realization was made when
researching baseplates on 3-D plastic printers. A solid printing platform is needed to start and
maintain a successful print, whether plastic or metal. 3D plastic printers use a removable and
reusable printing bed that allows for filament stick and easy removability from the apparatus. This
same theory was used when designing the second rendition for the 3D Hybrid Metal Printer (see
Figure 27).

Figure 27: Closed Loop Cooling Apparatus System CAD Design
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In order to monitor the flow of cooling fluid through the cooling baseplate, a fluid flow
meter and temperature sensor were installed at the discharge port. Cooling fluid was pumped
through the cooling baseplate at an average rate of one gallon per minute. Standard automotive
cooling fluid was used. Additive layers were deposited to test whether any warpage of the cooling
baseplate occurred. After an additive layer finished printing, the flow of cooling fluid through the
apparatus did not halt, since large amounts of heat would still be present. The cooling pump would
terminate when a temperature of 80 degrees Fahrenheit was reached on the sensor. After observing
and measuring the absence of warpage to the cooling baseplate, this apparatus became a standard
in all current and future metal printed components on the 3D Hybrid Metal Printer. This successful
heat removal apparatus removed the need to print excess additional layers while printing
components, thus again removing another human interaction in the printing process. The GMAW
additive manufacturing process is not the only heat-producing manufacturing process on the 3D
Hybrid Metal Printer. Heat forms during the subtractive process as well, in the form of machining.
When tools cut through metal material, friction produces heat. To combat and reduce this heat
creation, a separate cooling containment system was manufactured to allow the subtractive
manufacturing process the ability to machine components while still prolonging tool life by
reducing wear (see Figure 28). A chip and coolant collection pan and rear-guard protector were
built and assembled, allowing a containment around the machine to not only catch and filter excess
coolant and chips being formed during the subtractive process, but also sparks that are formed
during the additive manufacturing process.
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Figure 28: Coolant Reservoir Containment

4th Axis Implementation
The CNC machine that the 3D Hybrid Metal Printer exploits has the capability of
machining with the use of four different axes: X, Y, Z, and A. At this stage in the research and
operation of the machine, the three primary axes used for the additive and subtractive
manufacturing processes were X, Y, and Z. The implementation of a fourth axis (see Figure 29)
allows additional geometrical shapes to be printed with the A-axis of rotation (see Figure 30).

Figure 29: Fourth Axis Mounted to CNC

Figure 30: Cylindrical Additive Testing
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The use of an additional axis increases the complexity, specifically regarding the design of the
components (see Figure 31) and of manual G&M code programming, but with the help of CAM
software, it allows simple post processing of the G&M Codes.

Figure 31: Helical Subtractive Machining

The fourth axis was mounted and leveled to the bed of the table with T-slot mounting bolts. The
addition of a motor driver for the fourth-axis stepper motor is required and was installed in the
electrical housing cabinet. A fourth-axis cooling chamber (see Figure 32), specifically designed
for synchronous rotational movement, was created to allow the heat displacement to continue.

Figure 32: Cooling Chamber/Fourth Axis
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The use and implementation of the fourth axis is an important advancement in additive printing
since it allows the removal of human interaction when parts are required to be separated from the
printing baseplate. With the fourth axis, no second partition operation is required. Until now, after
parts finished printing, the component would be removed from the baseplate with a partition
operation, usually with a vertical or horizontal band saw. The component would be then secured
again in the machining vice, allowing for the final machining to occur on the bottom part. This
setup and component repositioning increased both printing times and human interaction. The Aaxis rotation removed this secondary operation by finishing the required machining (see Figure
33), then parting the component from the cooling baseplate on the same machine (see Figure 34).
Additional additive layers were still required to be layered higher in the positive Z-axis direction
for the tool to machine a parting procedure. The part would complete separated and fall from the
fourth axis cooling baseplate and be ready for the application

Figure 33: Contour Machining Operation

Figure 34: Parting Machining Operation

Machine Safety Equipment
Operating and printing with the 3D Hybrid Metal Printer is not a dangerous manufacturing
practice. It becomes dangerous when operators are not prepared for unexpected events. When not
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handled properly or in a cautious manner accidents and injuries can and will occur. Operating a
CNC machine alone can be dangerous and adding the complexity of the GMAW additive
manufacturing process steps up the need for adequate safety equipment and procedures.
GMAW welding produces a vibrant light that can cause serious and painful eye problems
and even blindness. Guards and safety protections were designed and mouthed so the operator can
observe the additive manufacturing process without the risks associated with the vibrant light
exposure. Before these additional protections were added, the operator viewed the additive printing
process through a standard welding helmet. Risks and human error associated with this included
the operator forgetting to pull down the shield when the additive manufacturing printing began.
This risk was eliminated with the creation of a printing base shield (see Figure 35). For the main
printing viewing window, a sheet of mill finish aluminum was bent and a rectangular void was
cut, allowing for a shade 10 welding glass to be overlaid.

Figure 35: CNC Printing Base Shield

Shade 10 was selected since the additive process uses an arc current between 150 and 160 amps,
and OSHA (the Occupational Safety and Health Administration) sets a minimum required shade
limit of 10 for this measurement (OSHA, 2012). This number signifies how much light will be

33

transmitted through the lens. The higher the number, the lower amount of light will pass through.
The lower the shade number, the more light will pass through.
Light can also scatter from the additive process and be seen from a distance away by
surrounding lab operators. A welding curtain was purchased and a custom frame was constructed
out of 6061 aluminum, allowing safe operation in the lab (see Figure 36). A shade 8 was used for
this shield since increased distance from the printing location allowed a lesser light protection. To
warn to surrounding spectators when it is not safe to approach or peer around the curtain, an LED
hazard light (see Figure 37) was installed and illuminates when the GMAW is positioned to start
the additive process. This LED light does not disengage until the retraction process commences
and the limit switches continuity changes from a closed loop to an open loop system.

Figure 36: CNC Surround Weld Shield

Figure 37: LED Hazardous Warning Light

The CNC machine maintains smooth operation with moving parts through the use of
lubricating oil and part covers. The additive process creates high levels of heat and molten material,
which can cause surrounding components on the CNC to burn. A custom fire suppression system
(see Figure 38 and Figure 39) was designed and created to avoid the possibility of fire. A class B
fire extinguisher was added to the machine and connected to bradded stainless steel lines that
surround the printing area in case a spark were to fly from the printing area, causing ignition.
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Figure 38: Fire Extinguisher Suppression

Figure 39: Extinguisher Suppression Nozzles

Optimization for Additive Pattern Configuration
Additive metal layer uniformity had been a challenge for the 3D Hybrid Metal Printer from
the initial stages. The additive toolpaths consisted of internal and external profile straight-line
welds (see Figure 40), which would cause printing inconsistences such as internal pockets and
voids.

Figure 40: Internal & External Additive Toolpaths for Tensile Test Specimen

These pockets and voids would create problems in the repetitive applied layer process. These
straight-line additive passes would additionally cause material plunge and fall-off to occur on the
start and end of the printed component. In order to combat these issues, variables on both the CNC
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and GMAW manufacturing processes were considered and analyzed. The CNC machine variable
that was tested in the optimization process was the machine feedrate. The machine feedrate
coordinates the velocity, or the speed at which the stepper motors rotate and move the CNC bed,
from coordinate position A to coordinate position B. This velocity can be measured either in
millimeters per minute or inches per minute. The GMAW fixed parameters included wire feed
speed, or the amount of wire that is displaced from the nozzle in inches per minute, and the trim
setting, which controls the arc (length and voltage automatically) created. 304L stainless steel
additive weld wire was used for this optimization testing. The 304L stainless steel GMAW fixed
parameters included a wire feed speed of 220 inches per minute and a trim setting of 0.90. Initial
testing showed that these parameters selected for the GMAW process for 304L stainless steel weld
wire would produce consistent optimal results for additive pattern optimization.
The pattern formation configuration that was tested and implemented to determine whether
uniformity could be kept consistent was the “Z” pattern formation. Alterations to this “Z” pattern
formation included 1) overall width, twice the amplitude of the “Z” pattern; 2) directional change
angle; and 3) the machine feedrate on the CNC machine. Before these parameters were tested, a
control plate was created to print linear additive layer deposits with a length of 2.5 inches (see
Figure 41).

Figure 41: Control Plate: Single Linear Additive Layer
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These linear additive deposits had a varying CNC feedrate application range of 6 inches per minute
to 20 inches per minute. This feedrate range was selected since feedrates higher than 20 inches per
minute and lower than 6 inches per minute produced additive weld depositions that were
unfavorable to the additive printing process: with feedrates over 20 inches per minute, not enough
material was applied, while with feedrates less than 6 inches per minute, too much material was
applied. CNC machine feedrates less than 6 inches per minute also produced excessive forming of
additive material deposits on the GMAW nozzle. Excess buildup of slag on the nozzle can cause
shielding gas uniformity dispersion issues. The wire feed speed on the GMAW process remained
constant, at 220 inches per minute.
With the additive control plate completed, this allowed for the comparison of the “Z”
pattern configuration experiments. Components printed on the 3D Hybrid Metal Printer range in
size and thicknesses. These “Z” pattern configurations allowed the three formation parameters—
overall width, twice the amplitude of the “Z” pattern; directional change angle; and the machine
feedrate on the CNC machine—to be selected based on the geometrical configuration of the
component (see Table 1).
Table 1: “Z” Pattern Configuration Test Parameters for GMAW and CNC
Width of "Z" Pattern
(Inches):

Angle of "Z" Pattern
(Degrees):

CNC Feedrate (F: Inches
Per Minute):

0.125"
0.125"
0.125"

45
60
75

6,8,10,12,14,16,18,20
6,8,10,12,14,16,18,20
6,8,10,12,14,16,18,20

0.250"
0.250"
0.250"

45
60
75

6,8,10,12,14,16,18,20
6,8,10,12,14,16,18,20
6,8,10,12,14,16,18,20

0.375"
0.375"
0.375"

15
30
45

6,8,10,12,14,16,18,20
6,8,10,12,14,16,18,20
6,8,10,12,14,16,18,20
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Ranges of width for the “Z” pattern configuration included 0.125, 0.25, and 0.375 inches.
These selected widths allowed the possible encompassing of components of various geometrical
dimensions. The “Z” pattern configuration for the 0.125 and 0.25 inches utilized directional change
angles of 45, 60, and 75 degrees (see Figure 42 and Figure 43).

Figure 42: “Z” Pattern Additive Test: 0.125”
Width

Figure 43: “Z” Pattern Additive Test: 0.250”
Width

The 0.375 inch width angles (see Figure 44) were reduced from the original directional
angles of 45, 60, and 75 degrees to 15, 30, and 45 degrees, since initial additive parameter testing
showed results that would not lead to the successful printing of consecutive layers.

Figure 44: “Z” Pattern Additive Test: 0.375” Width
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Labels marked “N/A” on the testing plates showed additive deposits of a significant amount of
material, causing material build-up on the GMAW nozzle. This was to be expected, based on
previous linear control plate tests, but needed to be verified.
These “Z” pattern additive weld depositions showed that to create the maximum possible
uniformity in height and width of the additive deposition process, appropriate selections
concerning the three parameters of the “Z” pattern configuration formation—the overall width of
the pattern, the directional change angle, and the CNC machine federate—are crucial when
printing a component on the 3D Hybrid Metal Printer. After the 3D component is designed and
modeled, reference to the “Z” configuration additive layer width graph (see Figure 45) for selection
of these parameters is central for success in creating the consistent uniformity of the print.

Figure 45: “Z” Configuration Resulting Additive Layer Width Comparison Graph

Along with the selection of additive and machine parameter adjustments, one simple yet
crucial design and implementation that needs to be considered before printing is the direction of
print in regards to the beginning and ending of the deposition process. Early printing tests showed
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a material plunge difficulty at the end of a deposition layer, where after the electric arc was
terminated the pool of molten material spilled, causing an insufficient material deposit (see Figure
46).

Figure 46: Material Plunge Deficiency

To combat this issue, forward- and reverse-directional printing, along with the “Z”
pattern configuration, abolished material plunge, allowing printing heights in the Z-axis direction
to reach over 8 inches in height—the current maximum printing area allowed, based on current
cooling apparatus and machine setup (see Figure 47).

Figure 47: Additive Deposition with “Z” Configuration and Reverse Directional Printing
40

304L Stainless Steel Tensile Test Specimen Printing
The additive manufacturing process on the 3D Hybrid Metal Printer must meet materialspecified strength parameters set by ISO/ASTM international standards in order to adhere to the
entitlement that printed components on the 3D Hybrid Metal Printer can withstand real world
application settings. These printed components can be compared to normally machined
components from stock materials. Materials printed on the 3D Hybrid Metal Printer before
current research work began included aluminum (Prostar ER5356) and mild steel (Lincoln
Electric SuperArc L-50). To expand the optional printing material capabilities on the 3D Hybrid
Metal Printer, 304L stainless steel, which is an accessible Lincoln Electric welding wire, was
used to print tensile test specimens using the International Organization for Standardization: DIN
EN ISO 6892-1 (see Figure 48).

Figure 48: Stainless Steel Tensile Test Specimen Dimensions
Note: This figure illustrates the dimensions required to create the tensile test specimen for testing. From Testing of
Metallic Materials- Tensile Test Pieces (ICS 77.040.010) (p.21), (2009). [Specifications For Test Pieces Which Can Be
Used for Tensile Testing Metallics Materials in Accordance with DIN EN ISO 6892–1].

41

This standard for tensile testing was performed with the specimens at room temperature, allowing
strength values, which include yield strength, ultimate tensile strength, and elongation, to be
reviewed. The values recorded were compared to standard stock material strength properties of
304L stainless steel. The tensile test specimen CAD model was modeled in Autodesk Inventor
CAM, along with the additive path (see Figure 49).

Figure 49: Inventor 3D CAD Model of Stainless Steel Tensile Test Specimen

Stainless steel test specimens were printed with the “Z” pattern configuration, with an angle of 30
degrees, a pattern width of 0.296 inches, and a pattern height of 0.552 inches (see Figure 50).

Figure 50: Additive Toolpath: Angle, Pattern Width, Pattern Height

These pattern values were selected and employed based on previous “Z” pattern configurations of
additive layer testing. The aluminum (Prostar ER5356) and mild steel (Lincoln Electric SuperArc
L-50) tensile test specimens printed to date have employed the repetitive printing process of
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applying material, then machining each individual layer. This type of printing procedure adds
significant amounts of time to the printing process.
The 304L stainless steel tensile test specimens (see Figure 51) were printed with one of
two dissimilar methods: one had been previously tested (see Figure 52) and one was a new method
(see Figure 53).

Figure 51: Machined Tensile Test Specimen X-Axis Printing

Figure 52: Tensile Specimen Printing:
Method 1

Figure 53: Tensile Specimen Printing:
Method 2

The first method involved individual additive layer machining. After the additive process was
completed, the subtractive process conducted the milling operation of facing the layer, so that
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another additional layer could then be applied on a prepped surface. The second printing method,
to test the new theory on continuous additive layer printing, was performed with non-machining
of individual layers. When all additive layers were applied, the tensile test specimen was machined
a final time to the required ASTM dimensional standard. Differences in strength were recorded
and evaluated. The comparison of the two methods was critical in the determination of material
property strength loss. The testing of different axial printing directions, “X” and “Z,” also
determined whether proper adhesion was successful layer to layer. Various real-world applications
of 3D metal printed components would involve multiple strains and stresses from different
directional pulls. When the subtractive machining process was completed on these tensile test
specimens, they were sent to Element Laboratories, a material testing facility in Wixom, Michigan.
Element Laboratories is one of the world’s leading testing companies that provides inspection and
certification services for a variety of material testing needs, including destructive and nondestructive testing (Element, 2022).
Subtraction After Each Additive Layer
The standard ultimate tensile strength for 304L stainless steel from the ASM Metal
Handbook is 80 kilo pounds per square inch, which is equivalent to 80,000 pounds per square inch
(Kotecki & Armao, 2003). The results from the individual layer subtraction X-axis printing method
(see Figure 54) showed that the 304L stainless steel exceeded the standard ultimate tensile strength
by an average of 8,833 pounds per square inch, or 11.04% from the material stock standard. The
results from the individual layer subtraction Z-axis printing method (see Figure 55) showed an
average of 83,150 pounds per square inch, which equates to a 3.93% increase over the standard
ultimate tensile strength. A comparison graph of these ultimate tensile strength values can be
observed in Figure 56.
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Figure 54: X-Axis Printing & Machining
Results of with Stainless Steel

Figure 55: Z-Axis Printing & Machining
Results of with Stainless Steel

Ultimate Tensile Strength (KSI)

Comparision of Ultimate Tensile Strength in 304L Stainless steel:
Standard vs. X-Axis vs. Z-Axis With Individual Machined Layers
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Figure 56: Ultimate Tensile Strength Specimen Comparison X-Axis, Z-Axis,
Standard for Individual Machined Layers for 304L Stainless Steel

Absence of Subtraction After Each Additive Layer
The printing technique of non-machining of each individual layer was examined and tested
subsequently. This process was studied to determine the validity of the semi-elimination or
complete elimination possibility of removing the subtractive surfacing procedure. This would not
only conserve valuable printing time, but would also reduce material consumption used in the
metal printing manufacturing process. The results from the non-machined layer X-axis printing
method (see Figure 57) showed that the 304L stainless steel exceeded the standard ultimate tensile
strength by an average of 7,433 pounds per square inch, or 9.29% percent. This is a 1.75% decrease
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from the individual machined layers, but still above the standard ultimate tensile strength. The
results from the non-machined layer Z-axis printing method (see Figure 58) showed an average of
80,406 pounds per square inch, which equates to a 0.50% increase over the standard ultimate
tensile strength.

Figure 57: X-Axis Printing & Non-Machining
Results of with Stainless Steel

Figure 58: Z-Axis Printing & NonMachining Results of with Stainless Steel

This ultimate tensile strength is again lower than the individual machined layers by 3.43% but is
still above the standard ultimate tensile strength of 304L stainless steel. See Figure 59 for a
comparison graph of the non-machined individual additive layers.

Ultimate Tensile Strength (KSI)

Comparison of Ultimate Tensile Strength in 304L
Stainless steel: Standard X-Axis vs. Z-Axis
Non-Machining of Individual Layers
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Figure 59: Ultimate Tensile Strength Specimen Comparison X-Axis, Z-Axis,
Standard for Non-Machined Layers for 304L Stainless Steel
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The 304L stainless steel printing tests, for both the X-axis and Z-axis directional printing
with each method—individual layer machining and non-machining of each individual layer—
obtained successful results that surpassed the standard set ultimate tensile strength required by
ASTM. With these results, future stainless steel printed components will be printed with the
technique of non-machining individual layers to reduce cost and printing times. Advantages also
include a reduction in G&M code programming and CAM simulations, as well as a decrease in
machine and tool wear.
Automated Additive Alteration Printing System
The 3D Hybrid Metal Printer’s DED method is a process that challenges uniformity in
additive layers. The deposition of each individual layer does not apply correlating metal material
repetitively. These additive variations from layer to layer can be witnessed with the same set of
constraints on both the GMAW machine as well as the CNC machine. Before research work began,
the Z-axis offset of each layer and any uniformities that required patch programs were altered,
modified, and created solely by means of the machine operator’s human eye as a form of an offset
measurement and correction device. The average human eye can detect measurement differences
at a level of 0.04 mm, which equivalates to .0001 of an inch in distance (Wong, 2020). This level
of measurement detection is problematic, due to the repeatability and accuracy required for each
subsequent layer. In addition to visual measurement offsetting, operators would also previously
use a gauge block (see Figure 60), a metrology measurement device that was placed between the
additive material and the nozzle of the GMAW. The continuous use of this procedure lead to
irregularities in additive layers, increased printing completion times, and large amounts of human
error and layer faults. This approach in maintaining the offset during the deposition process kept
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the Z-axis distance uniform as the print height increased, but still required large amounts of human
interaction, with repeated interruptions in between layers.

Figure 60: Nozzle Offset with Gauge Block

The approach to solving these additive printing issues on the 3D Hybrid Metal Printer was
divided into two methods of research. The first branch of research involved the creation of a CNC
touch probe routine to alter each subsequent additive layer by the correct offset measurement
required. The second branch of research involved the integration of a red-light line laser scanner
to correct any deformations or printing faults present. The capabilities of the red-light line laser
scanner, or Gocator, would be analyzed to determine whether or not it would be a viable or feasible
solution to the uniformity and consistency constraints of the additive deposition process. These
research directions, proved through testing and experimentation, allowed for elimination in human
interaction required during the additive metal printing process on the 3D Hybrid Metal Printer.
Mechanical Touch Probe Feedback
Before the use of CAM software, CNC machining toolpaths were written and constructed
line by line by the CNC machine operator. CAM software used today allows for the creation of
complex subtractive manufacturing toolpaths, which can create intricate geometrical components
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with a few simple software operations, directly from the digital CAD model. These CAM
applications can similarly create CNC programs for probing commands and routines. A
mechanical touch probe allows for not only quick setup alignment of a workpiece on a CNC
machine but can also inspect measurements to ensure accuracy after the component has been
machined.
A mechanical touch probe’s wiring schematic and structure uses a normally closed loop
system. This closed loop system creates a constant high input signal from the touch probe to the
CNC machine in a dwell state. In order to maintain this constant high input signal, an internal
triangular three-point cylindrical spoke design was utilized. When all three brass spokes are in
contact and in the correct position within the touch probe housing (see Figure 61) the system is in
a state of continuity.

Figure 61: Touch Probe Housing, Cylindrical Spokes, and Assembly
This continuity is disrupted when the touch probe stylus tip encounters a rigid surface, causing one
of the brass cylindrical spokes to become displaced from the touch probe housing. The CNC probe
measurement in X, Y, and Z directions works similarly to Coordinate Measuring Machines
(CMM).
The communication, or transfer of data, between the touch probe and the CNC machine
can be transmitted in one of three ways: 1) direct connect, 2) infrared, 3) and radio wave

49

communication (Silver CNC, 2022). Each form of communication has potential advantages as well
as problematic disadvantages. Direct connect and infrared data transfer were determined to be the
best options for implementation. This determination was built on several factors. Direct connect
uses the simplicity of wired attachment points to input pins on the connection control board, as
does the receiving termination of the infrared receiver. The wiring schematic in Figure 62 shows
the accessory connection utilizing PN 30667.

Figure 62: Wiring Schematic for Tormach PCNC 1100
Note: This wiring diagram details the path of wiring required to operate the CNC machine as well as
locations of adaptation possibilities. From Tormach (p.250), (2018). Tormach PCNCC 1100 (Document
Part Number: 35426) [UM10349 PCNC1100 Manual 0520A].
https://tormach.com/media/asset/u/m/um10349_pcnc1100_manual_0520a_web.pdf

With collected information, research integration with the probe and the 3D Hybrid Metal
Printer would be the first challenge to overcome. The main industrial use for a CNC machine is
subtractive manufacturing only. Probing commands from CAM application software cannot be
directly utilized, since the commands are based on solid material being subtracted, not added. For
the 3D Hybrid Metal Printer to be able to understand input data from the touch probe and verify
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that material has been deposited, specialized G&M code programming routines were formatted
and created to perform with the 3D Hybrid Metal Printer.
Touch Probe G&M Code Programming
The normal industrial setting and use for a CNC machine is subtractive manufacturing. The
goal of this division of research was to write exclusive and unique programs that the 3D Hybrid
Metal Printer could understand not only when material is subtracted, but also when it is deposited.
A measurement probing device is universally identified in CNC programs as tool number 99 or
written in G&M codes as T99.
Multiple subprograms written allow different parameter alterations and measurement
offsets to transpire. The initial subprogram written for the touch probe will measure the Z-axis
layer height of additive material that has been applied or is currently present on the cooling
chamber apparatus. The parameter assigned to store this measurement is the named local parameter
#<finalposition>, which originates from the read-only probing parameter #5063. This probing
parameter is considered a stored parameter identifier in the CNC control software PathPilot. Each
of the available work coordinate systems, G54–G59.3, contains three read-only probing parameter
identifiers for the X-, Y-, and Z-axes (Tormach, 2018).
Before the additive printing process begins, the subroutine program “o<loadtool99>” for
loading the touch probe is cycled. The work coordinate system for the additive manufacturing
process, command G55, is called to ensure the correct work coordinate system is active after a tool
change has occurred. The probe’s critical first location on the cooling chamber apparatus will be
in a position in which no additive material will be deposited, serving as a reference point location
for all subsequent touch probe parameter positioning measurements during the print.
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The G-code probing commands that were applied are G38.2 and G38.3. The main
distinction and difference between these two are that, unlike G38.3, G38.2 will signal an error and
cause an early program termination if a probing failure is present (Tormach, 2018). The program
termination in this type of probing failure scenario would occur in one of two ways: 1) an error
due to a malfunction in the probe itself or 2) a machine setup error. Local parameter #<z_min> is
established to clarify the allowable maximum Z-axis travel for the touch probe. The distance was
set to a measurement that ensured that the touch probe would contact either additive material or
the original reference position before causing a maximum distance reached error. When the probe
reaches and contacts the reference point using commands G38.3, then G10 L20 P2 Z0.0 is able to
set the desired work coordinate system Z position to the specified value (Tormach, 2018). The “P”
place holder signifies which work coordinate system values to alter. The probing sequence just
described is repeated twice, with the second time using G38.2. During the second probing sequence
the CNC feedrate is reduced. The reduction in CNC feedrate allows higher precision and accuracy
of probing measurements when the probe’s electrical connection turns from normally closed to
open.
After probing the reference position and producing the new Z-axis value, the probe moves
to the additive material deposition location. The probing command G38.2 is implemented again,
storing the final Z-axis position as #<finalposition> = #5063. The subroutine, shown in Figure 63,
is integrated inside of a loop that will execute after every forward and reverse additive layer
application to measure the combined height of the component to determine if additional layers are
required.
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Figure 63: Z-Axis Offset Measurement (#5063)

After the additive elevation value is recorded with parameter #5063, the next stage is
offsetting the Z-axis in the additive layer location in order to print a consecutive additive layer.
The subroutine program in Figure 64 again uses the G-codes G38.2 and G38.3. The probe travels
to the additive material location specified before printing commences. When the probe contacts
the top of the additive layer, G10 L20 P2 Z0.0 offsets the Z-axis value to zero in the G55 work
coordinate system. This allows the GMAW contact tip to have consistent spacing for each
consecutive additive layer.

Figure 64: Z-Axis Consistent Elevation

These touch probe subroutines created and programmed above were cycle tested to ensure
consistency in operation without failure. Modifications needed in the program during this cycle
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testing were CNC feedrates and positioning. Higher machine feedrates used during the probing
cycles would, on occasion, cause a fault to occur from a spontaneous unwanted probing input. The
CNC feedrates were reduced from 100 inches per minute to 50 inches per minute. This reduction
eliminated probing error faults. After cycle testing concluded for each subroutine, one core
program (see Figure 65) was written to record the performance with included subroutines by
producing a component.

Figure 65: Core Touch Probe Program

A while loop was implemented to allow repetition of the additive process as long as the while
argument evaluated too false. The iterations would continue until the required height of the
component reached the specified #5063 parameter elevation. In the testing example component,
the elevation threshold value was set to 0.2 and 0.3 inches.
Touch Probe Adaptation Results
With the repetitive unproblematic probing process confirmed, tested metal additive layers
were successfully deposited using the newly created probing procedure (see Figure 66). After the
additive deposition process concluded, the subtractive manufacturing process machined the
component to the required specifications (see Figure 67).
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Figure 66: Probed Additive Deposition
of Axle Bracket Hanger

Figure 67: Subtractive Manufacturing
of Axle Bracket Hanger

The successfully applied layers prove that the in-process touch probing alteration system on the
3D Metal Hybrid Printer removes a substantial amount of human interaction during metal additive
printing. This being stated, the probing routine was dependent on a crucial factor that was required
to be precise and without errors: the additive reference probe location. If a defect in the reference
probe location were present, the program and component would falter and would require human
interaction. With the component machined, defects were noticed, which led to the next division of
research involving in-process scanning. In-process scanning would allow defects of material
uniformity and insufficiency to be recorded and corrected during the additive layer printing
process.
Red Light Laser Profile Scanner Feedback
The mechanical touch probing program functioned by precisely offsetting each additive
layer deposit by referencing only the height of material applied in the previous layer. This probing
routine used one repetitive reference location for the Z-axis offset. An inspection system needed
to be implemented to verify whether each deposited layer had a sufficient amount of material
spanning through the entire length of the layer, that is, that each layer contained the minimum
amount of material required to properly add an additional layer. The mechanical touch probe could
55

verify this with numerous data points along the additive layer to verify any areas of insufficient
material. However, this type of probing routine requires the machine to run for a long amount of
time, which increases the total print time for a metal component. During the experimental touch
probing tests, the insufficient material variable was removed and replaced with a constant
postulation that each additive layer was being applied correctly with no errors or insufficient
material locations.
The location of insufficient material, if present, within a completed additive layer, would
cause exponential problem growth as the application of stacking repetitive layers continued as the
part increased in print volume. The inspection system studied and purchased to integrate with the
3D Hybrid Metal Printer to solve and prove the hypothesis is the Gocator 2330A.
The Gocator 2330A is a red-light line laser scanner capable of scanning cross-sectional
micron-level measurements for both two-dimensional profiles and three-dimensional objects. The
red-light produced from the Gocator 2330A has a visible light spectrum wavelength of 660nm
(LMI Technologies, 2020). This wavelength places the scanner in the “transitional zone between
safe and hazardous,” giving it a 3R classification (Murphy). Caution and attention were taken to
minimize the possibility of direct eye exposure by mounting the Gocator in a designated TTS collet
on the automatic tool changer (see Figure 68). This configuration directed the red-light beam in a
safe downwards only direction. The Gocator has a total of 1,280 data points along its scanning
beam in its measurement field range. Since scanning will be a large part of the additive process,
accuracy and repeatability during the scanning process were examined (see Figure 69).
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Figure 68: Gocator TTS Mounting

Figure 69: Gocator Specifications
Note: This specifications table illustrates the Gocator 2300 series by model. From LMI
Technologies (p.2), (2021, February 18). Workhorse 3D Laser Line Profile Sensors |
Gocator 2300 series | LMI Technologies [Specifications & Mechanicals Gocator 2330].
https://lmi3d.com/series/gocator-2300-series/

Accuracy and repeatability are not defined in the same way: accuracy, for example, can be great
while repeatability is low. In the case of scanning on the 3D Hybrid Metal Printer, scans require
higher repeatability then accuracy since the micron level of measurement is not a high priority.
Power supply and data transfer from the Gocator to the 3D Hybrid Metal Printer uses one
power/LAN cordset along with one 19-pin input/output cordset connected to a Master 100. A

57

Master 100 applies the correct 48 volts required to operate the Gocator and also contains a
secondary safety and system power switches (see Figure 70).

Figure 70: Master 100
Note: This figure shows the connection terminals for the Master 100. From LMI Technologies,
Inc. (p.334), (2020). Gocator Multi-Point Scanners: User Manual (Firmware Version:
5.1.x.xx) [Document Revision: A]. https://lmi3d.com/wp-content/uploads/2020-02/152535.1.3.13_MANUAL_User_Gocator_Multi_Point_Scanners.pdf

The Gocator can continously scan or be triggered during specific periods. An external input was
created to allow full control over when scanning commences. The external input is created with
the third relay on the USB input and output interface. The CNC M-code commands to control this
trigger are M64 P3 for data receive on and M65 P3 for data receive off. An important observation
to make is that the red-light beam does not turn off; only the real-time data is terminated.
To configure the Gocator for the 3D Hybrid Metal Printer to recognize that a device is
present, network configurations are required. The RJ45 from the Master 100 needs to be connected
to the CNC computer controller. The Gocator uses its own IP address of 192.168.1.5 and has its
own internal emebeded processing software provided from LMI technologies.
Before the trigger was activated, the Gocator was required to perform an alignment to the
XY plane (see Figure 71). In our setting the cooling chamber apparatus top surface was used as
the XY reference plane. The height of the Gocator played a key factor in the alignment process, as
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it controls the width of the beam created. The closer the beam, the smaller the measurement range;
the farther the beam, the larger the measurement range.

Figure 71: Gocator Scanning Alignment to XY Plane of Cooling Apparatus

After the alignment process, the type of tool configuration—that is, the type of
measurement scanning—needs to be selected based on the feature measurement desired. For the
Z-axis height of the additive layer, the tool configuration selected is a “profile position.” A profile
position allows the selection of the Max Z feature (see Figure 72), which locates the point with the
maximum Z value in the region of interest or the bounding box created (LMI Technologies, 2020).
Decision bounding boxes were created to set the threshold for the minimum and maximum
allowable additive material for each layer that creates a pass or fail scenario. For example, a lower
limit of 3mm and the upper limit of 15mm was set to demonstrate the appearance of a pass and
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fail (see Figure 73 and Figure 74). When the Max Z feature falls within this range a green check
mark will appear next to the height measurement. If the measured feature falls outside this range,
above or below the minimum and maximum, a red “X” will be displayed.

Figure 72: Gocator Tool Configuration: Feature Max Z
Note: This figure illustrates the geometry required to receive a Max Z value measurement reading on the Gocator 2300
series. From LMI Technologies, Inc. (p.101), (2020). Gocator Multi-Point Scanners: User Manual (Firmware Version:
5.1.x.xx) [Document Revision: A]. https://lmi3d.com/wp-content/uploads/2020-02/152535.1.3.13_MANUAL_User_Gocator_Multi_Point_Scanners.pdf

Figure 73: Gocator Sufficient Material Z Height Decision with Bounding Box
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Figure 74: Gocator Insufficient Material Z Height Decision with Bounding Box

For the X-axis width measurement of the additive layer, a different form of the tool
configuration selection process was needed. In order to ensure sufficient material was applied in
the X-axis direction, we use the tool configuration “profile dimension.” Profile dimension allows
the selection of two features instead of one. The two features that are required to measure the
additive layer width are left corner and right corner (see Figure 75). Left corner finds a change in
shape in the left-most corner in the bounding box created (LMI Technologies, 2020). Similarly,
right corner finds a change in shape in the right-most corner in the bounding box (LMI
Technologies, 2020). The decision for pass and fail was set with lower and upper limits. The
bounding box is overlapped for both features, left corner and right corner, since there will never
be a scenario where a left and right corner feature will appear in the same location. Figure 76 and
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Figure 77 show the settings and real-time output of the profile dimension tool configuration
settings for the X-axis width measurement of the additive layer.

Figure 75. Gocator Tool Configuration: Feature Left Corner & Right Corner
Note: This figure illustrates the geometry required to receive a Left Corner and a Right Corner value measurement reading on the
Gocator 2300 series. From LMI Technologies, Inc. (p.102), (2020). Gocator Multi-Point Scanners: User Manual (Firmware Version:
5.1.x.xx) [Document Revision: A]. https://lmi3d.com/wp-content/uploads/2020-02/152535.1.3.13_MANUAL_User_Gocator_Multi_Point_Scanners.pdf

Figure 76: Gocator Sufficient Material X Width Decision with Bounding Box
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Figure 77: Gocator Insufficient Material X Width Decision with Bounding Box

The Gocator is equipped with different data transfomation techniques. These include
network, digital, analog, and serial (see Figure 78). The output form used to transfer the data of
the Z-axis height and the X-axis width are digital outputs Digital 1 and Digital 2. The digital output
is triggered in the event of the decision with the upper and lower limits set in the tool configuration
setup. When the measurement is verified within the range of the bounds the creation of continuous
high output will occur. When measurement verification falls outside the bounds, the continuous
high output turns low. These high and low inputs are transferred from the Gocator to the CNC
machine by means of a 19-pin input/output cable, eight pins of which are utilized for the red-light
scanning process.
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Figure 78: Gocator Data Transfer Option Output Selection

Six of these pins are connected to the USB input/output relay, interfaced with the CNC
controller. Two pins are reserved for the safety protocols of locking the scanner when not in use.
For the Z-height and X-width data signal, input 0+/0- and input 1+/1- are designated to receive the
high low value input. To verify the presence of the input on the CNC control software Pathpilot,
the M-code command M66 is called. M66 checks the input based on the following factors:
P: Selects which input to verify (P0, P1, P2, P3)
L: Determines the value of the input, high or low (L3, L4)
Q: Sets the amount of time in seconds, (dwell) designated before an error is received
This value, created by M66, is saved as the program parameter #5399. This value holds the same
until the input is verified again, making this parameter a read/write. The wiring configuration can
be witnessed and viewed in Figure 79.
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Figure 79: Wiring Schematic for Data Transfer from Gocator to CNC
Note: This figure used in the right most quadrate illustrates the pin connection on the 19-pin input and output
connector. From LMI Technologies, Inc. (p.328), (2020). Gocator Multi-Point Scanners: User Manual (Firmware
Version: 5.1.x.xx) [Document Revision: A]. https://lmi3d.com/wp-content/uploads/2020-02/152535.1.3.13_MANUAL_User_Gocator_Multi_Point_Scanners.pdf

Additive Height and Width Scanning Program
After proper calibration, connection, and setup of the Gocator with the 3D Hybrid Metal
Printer, extensive programming was required to seamlessly complete the integration of the additive
manufacturing process with the scanning feedback system of the Gocator. The coordinate system
G56 was used for the integration of the scanning system. Similar to the touch probe programming,
the amount of material present needs to be determined in the Z-axis direction, which was
accomplished with the subroutine called “o<gocatorscanz> sub” (see Figure 80). Local variables
#50, #51, and #52 were created and assigned to the X, Y, and Z-axes in order to increment a
position repeatedly. Creating global parameters was required in order for the program to generate
a decision on whether there is complete or insufficient material present after the additive layer has
been

deposited.

The

global

parameters

were

called

“#<_ispatchrequiredz>”,

“#<_endingpositionz>”, and “#<_startingpositionz>”. The variable “#<_ispatchrequiredz>” is set
equal to zero in the beginning, allowing for a validation change from zero to one if a patch is
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required. Once the Gocator is in initial scanning position, the CNC command code M64 P3 triggers
the transfer of data to the CNC. This scanning experiment involved an intentional additive layer
insufficiency to be deposited (see Figure 81).

Figure 80: Z-Axis Additive Scanning Subroutine

Figure 81: Testing of Intentional Insufficient Z-Axis Additive Deposition Program

A dwell G04 command, was introduced during each new scanning location or movement of the
Gocator. This allowed the M66 input check command enough time for the digital input to be read
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at a high or low value. This high or low value input is stored as the local program variable #5399.
If sufficient material was present, #5399 remained equal to 0, and the x axis direction was
incremented by 0.125 inches to the next scanning position in the positive X-direction. Otherwise,
when insufficient material was present, the parameter #5399 value was changed from 0 to 1. This
would still increment the X-axis by 0.125 inches, but would also change the global parameter
“#<_ispatchrequiredz>” from 0 to 1. Parameter #99 is used to store the current location, #5420,
from a read-only parameter to a variable that be written over. When #5399 returns from 1 to 0, the
parameter #100 will store the first position of insufficient material plus the additional increment
value of 0.125 in the positive x-direction since it is looped by one previous increment in the
scanning process. This process is repeated inside a while loop and checks the input again for each
incremental postion movement. After the additive layer has been scanned the program will display
one of three messages on the status screen of the control software: 1) the entire layer has sufficient
material in the Z-axis direction, 2) this is the start location of the insufficient material in the Z-axis
direction, and 3) this is the end location of the insufficient material in the Z-axis direction. This
subroutine stores critical parameter locations that will be required and used in the main program.
Problems not only arise with ensuring sufficient additive material height is present, but
sufficient additive width as well. The scanning required for the additive width is similar to the Zaxis height scanning procedure (see Figure 82). The main alteration compared to the Z-axis
subroutine is that the input command M-code M66 is now looking for input 2. The dwell, or the
pause, between each scan can be decreased, but care needs to be taken since the increased scanning
rate caused a CPU overload with the current system setup. This scanning experiment used a similar
intentional insufficient additive deposition program to recreate a scenario where an additive layer
could potentially have insufficient width (see Figure 83).
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Figure 82: X-Axis Additive Scanning Subroutine

Figure 83: Testing of Intentional Insufficient X-Axis Additive Deposition Program

After the X-axis subroutine width scanning commences, the Gocator again displays three possible
results in the status window: 1) the entire layer has sufficient material in the X-axis direction, 2)
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this is the start location of the insufficient material in the X-axis direction, and 3) this is the end
location of the insufficient material in the X-axis direction.
Additive Height and Width Patch Repair Program
Patch subroutines were written and tested to allow for scanning and positioning feedback
regarding insufficient material in both the Z-axis and X-axis directions. The scenario of

Figure 84: Z-Axis Additive Layer Program
insufficient material needed to be examined and a patch program constructed in order for additional
layers to be applied on a parallel printing surface. The Z-axis patch program was written and tested
first (see Figure 84). The additive coordinate system, G55, is called first to ensure the correct
coordinate system is being employed. The parameters needed for the additive Z-axis height patch
are #299, #78, and #79. Parameter #299 holds the 0.296” value of the amplitude of the “Z” pattern
additive weld configuration. Parameter #78 holds the value of the number of iterations of “Z”
pattern required. This is calculated by subtracting the ending position of insufficient material from
the starting position of insufficient material and dividing by parameter #299. Parameter #79
increments the iterations with a summation of three following the parameter #78 calculation.
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These additional iterations were necessary to ensure the additive deposition process did not fall
short of the patch required area. From past research and testing, the “Z” pattern additive weld
configuration was implemented for these patch programs to ensure uniformity and consistent
additive layer applications. The repeat function was used with parameter #79 as the incrementing
variable based on parameters #78 formula. These additional iterations allowed necessary overlap
to occur before and after the insufficient material starting and ending location. Results from the Zaxis additive layer patch program can be viewed in Figure 85.

Figure 85: Z-Axis Additive Layer Patch Results (red box)

The X-axis patch program (see Figure 86) written is similar to the Z-Axis patch program but
differed by separating the additive segments into parallel paths on opposite sides of the patch
location requirement. The same local parameters—#299, #78, and #79 (see Figure 87)—were used
to calculate the incrementations required. The difference begins with an additional repeat function.

Figure 86: X-Axis Additive Toolpath

Figure 87: X-Axis Additive Layer Patch Program
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Material is applied with a Y-axis offset, creating additive material deposits above and below where
the insufficient material was located. One iteration of the “Z” pattern additive toolpath for the Xaxis patch was reduced in amplitude and length, allowing tighter grouping of material to be
applied. These additional iterations to the “Z” pattern formation allowed necessary overlap to
occur before and after the insufficient material starting and ending location. Results of the X-axis
additive layer patch program can be viewed in Figure 88.

Figure 88: X-Axis Additive Layer Patch Results (red box)

Manufacturing Company’s Printed Components
Throughout the entire additive research and advancement printing process on the 3D
Hybrid Metal Printer, components have been continuously printed using tested and proven printing
techniques that have been shown to improve the printing process by not only increasing efficiency
but quality as well. Components printed have been intended for use by manufacturing companies,
in different industries, for prototyping and new development research purposes. During this
research, the manufacturing company for which components were printed using the 3D Hybrid
Metal Printer was Rance Aluminum, a division of Forest River Inc., A Berkshire Hathaway
Company. These components ranged in size and geometrical complexity and were printed with
materials that include mild steel (Lincoln Electric SuperArc L-50) and stainless steel (Lincoln
Electric 304L).
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Rance Aluminum by Forest River Inc., A Berkshire Hathaway Company
Rance Aluminum, the leading innovator in the all-aluminum recreational trailer industry
since 1988, allowed for the DED printing of their three most commonly used components to
determine the viability of the metal printing capabilities of the 3D Hybrid Metal Printer to
incorporate in their own research and development procedures for future product launches (Ersoy,
2008). These components included a combination-component latch system, also referred to in the
industry as a cam bar latch, and an axle bracket hanger.
Cam Bar Latch Component A
The first component produced for the research on how to optimize the printing process was
component A of the cam bar latch system. A cam bar latch allows the proper securing of an access
door that does not have a traditional locking method and is available in multiple material options,
including aluminum, mild steel, and stainless steel. This external locking mechanism allows for
quick opening and closing of heavy pivoting access points. The larger component A is secured to
the access point (see Figure 89), with component B pivoting around the upper securement location,
(see Figure 90), allowing the cam-bar latch to be removed.

Figure 89: Cam-Bar-Latch
Closed Component B Position

Figure 90: Cam-Bar-Latch
Open Component B Position
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This component was printed out of Lincoln Electrics L-50 carbon mild steel. This coppercoated mild steel MIG wire, with a 50,000 pounds per square inch yield strength, was selected
since previous additive metal printing efforts produced tensile test specimens that showed that this
was an acceptable material to be used with the DED printing process (Lincoln Electric Company,
2022). Before printing began, the printing position of the component on the machine needed to be
determined. Early research showed that the reduction or minimalization of surface area—that is,
the actual component touching the printing base material—allowed the early required secondary
operation of parting and machining to create less of a tolerance concern. The 3D component was
oriented with a 90-degree rotation to allow the optimal printing success for this component. The
3D CAD model, as well as the CAM simulation of the component, was created in Autodesk
Inventor, (see Figure 91 and Figure 92).

Figure 92: CAM Simulation of
Component A Rance Aluminum

Figure 91: 3D CAD Model of
Component A Rance Aluminum

This initial print gave way to the numerous areas of the needed improvement of the printing
techniques applied on the 3D Hybrid Metal Printer. These additive manufacturing problems and
concerns included: material fall off and plunge at the beginning and ends of the component, void
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formation from the straight-line additive welding approach, additive manufacturing positioning
errors, and warpage of the printing base plate (see Figure 93).

Figure 93: In-Process Printing of Component A Rance Aluminum

With these issues at hand, the component was still able to be manufactured and completed (see
Figure 94), but with these complications, additional time and human interactions were required.

Figure 94: Completed Printing of Component A Rance Aluminum
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This printing technique also required manual machine operation for the additive manufacturing
deposition process. Since steel has corrosive characteristics in its bare form, the surface was
painted with a coat of rust inhibitor.
Cam Bar Latch Component B
The printing of component A utilized the metal printing techniques of past research work
and, at the time, the machine’s current capabilities. Alterations and research work began on how
to optimize the 3D metal printing process, beginning with the next cam bar latch system part,
component B (see Figure 95).

Figure 95: Stainless Steel Cam-Bar-Latch: Component B
These alterations and improvements included increased precision with the additive deposition
process, printing base plate warpage control with a closed loop cooling system, the additive
deposition “Z” pattern configuration, as well as component B being printed using Lincoln Electrics
304L stainless steel. Material testing of 304L stainless steel was performed before component B
was printed (see the “304L Stainless steel Tensile Test Specimen Printing” section above).
Component B was the first component to be tested with the “Z” pattern configuration (see Figure
96 and Figure 97). To utilize the efficiency of the “Z” pattern configuration, the width of
component B was measured first to select the three crucial printing parameters: the overall width
of the pattern, directional change angle, and the CNC machine feedrate. The consistence width of
component B was measured at 0.189 inches. Figure 45 (page 40) shows the select parameter
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settings that would allow the uniformity to remain constant in both width and height. In the case
of component B, the below parameters were selected:
Overall Width of the Pattern: 0.250 Inches
Directional Change Angle: 45 Degrees
CNC Machine Feedrate: 14 Inches Per Minute

Figure 96: “Z” Pattern Configuration CAD
Model: Component B

Figure 97: “Z” Pattern Configuration Additive
Tool Path for Component B

This configuration selection produced an additive layer width of 0.325 inches with an
additional machinable clearance width of 0.068 inches on each side, creating a total of 0.136
inches. This additional material allows for the required surface finish to be obtained with the
subtractive additive manufacturing process (see Figure 98). The lowest additional machinability
width allows the reduction in material waste, tool wear, and total printing time. This component
used the non-machining of individual layer technique proven in previous research work, which
reduces material strength by only minimal amounts and needs to be considered only when critical
strength applications are required. A total number of 20 consecutive additive layers were required
to print this component. The amount of stainless steel GMAW wire material being deposited per
layer was 128.33 inches in length with a wire feed speed of 220 inches per minute.
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Figure 98: Additive Layer Printing of Cam-Bar-Latch: Component B

This equates to a total length of 2,566.6 inches for the entire 20 layers printed, or 2.1% of the entire
spool. The total stainless steel material cost was calculated to be $5.32, based on the quantity of
the spool used and the spool’s total cost. Material output and cost was calculated for this
component to determine the viability of the 3D Hybrid Metal Printer’s component completion cost.
The shielding gas mixture used for the 304L stainless steel was a 98% Argon/2% CO2 mixture.
The mixture is dispersed at a rate of 25 liters per minute The total amount of shielding gas
consumed was calculated to be 250 liters.
These printing alterations and new advanced printing techniques allowed for another
successfully printed component to be completed (see Figure 99), as well as increased the efficiency
of print times and allowed for a reduction in material waste and tool wear. The total print time for
component B was under six hours. To compare this with component A, even though larger and
riddled with complications, component A required over three weeks to print, while component B
took less than 6 hours. With these advancements, other areas of required improvement were still
witnessed. Before research optimization, each individual layer had to be offset manually in the
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positive or negative Z-axis height in order for the GMAW nozzle to be lowered to the correct
position to deposit another layer.

Figure 99: Completed Cam-Bar-Latch: Component B

Another area of inefficiency witnessed was the secondary parting and machining operation
required. Component B was detached from the printing base with a vertical band saw, requiring
the secondary operation of machining and facing of the component to achieve the correct
dimensions. These problematic areas were focused on and research was conducted during the
printing of the next Rance Aluminum component: the axle bracket hanger. This included the fourth
axis attachment, touch probe Z-axis offset programming, as well as a red-light scanning sequence
for insufficient deposition locations.
Axle Bracket Hanger Component
The axle bracket hanger component (see Figure 100), another Rance Aluminum
component, combined research work that allowed for the complete removal of the human element
and intervention requirements on the 3D Hybrid Metal Printer. Printing this component allowed
the demonstration of seamless integration testing of both the additive and subtractive
manufacturing process. This seamless integration was accomplished with the implementation of a
CNC touch probe.
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Figure 100: Rance Aluminum Stock Axle Bracket Hanger

The CNC mill was designed by the manufacturer as a machine that completes subtractive
machining processes only. The implementation of the touch probe allowed the offset of the Z-axis
layer to position the GMAW nozzle in the correct offset height distance so an additional layer
could be applied without the interaction of the operator. The directional printing toolpaths were
created with a “Z” pattern configuration of the following:
Overall Width of the Pattern: 0.250 Inches
Directional Change Angle: 45 Degrees
CNC Machine Feedrate, Linear Path: 8 Inches Per Minute
CNC Machine Feedrate. 90 Degree Direction Change: 10 Inches Per Minute
The geometry of the axle bracket hanger involved two 90-degree directional changes to
form the 180-degree, U-shaped component. Additive layer testing with a 90-degree direction
change using the “Z” pattern formation created material buildup in these “corners” (see Figure
101) when the CNC feedrate remained constant. This was also witnessed with Rance Aluminum’s
cam bar latch component B. To overcome this buildup of material, a 20% increase in the base CNC
feedrate was required. For the axle hanger bracket, the linear feedrate selected (referring to the
parameter selection graph in Figure 45, on page 40) was 8 inches per minute with a direction
change feedrate of 10 inches per minute.
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Figure 101: “Z” Pattern Configuration Additive Tool Path for Axle Bracket Hanger

With the CNC touch probe programming (refer to the “Touch Probe G&M Code Programming”
segment above) as well as the selection of the “Z”-pattern formation and configuration of the
feedrate selection, the additive layers (see Figure 102) were effectively and successfully deposited
using the DED process (see Figure 103) without the need for human interaction or intervention.
The Z-axis height offset and elevated by 0.15 inches for each probing cycle until a total additive
height of 2.3 inches was reached allowing for the parting operation at the final stage of the print.

Figure 102: Additive Deposition Process for the
Axle Bracket Hanger Component (Viewed
Through Welding Lens)
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Figure 103: Completed Additive Layers with the
Implementation of the CNC Touch Probe

With the completed deposition of the additive layers, the subtractive manufacturing
process resumed with the facing and contouring of the component (see Figure 104 and Figure 105),
with a square-bit end mill coated in titanium aluminum nitride (TiAIN). A TiAIN coating allows
increased machining feedrates, which produce higher temperatures, because the coating protects
the tool from premature wear (Grainger, 2022).

Figure 104: Subtractive
Manufacturing of Axle Hanger
Bracket: Facing Machining

Figure 105: Subtractive
Manufacturing of Axle Hanger
Bracket: Contouring Machining

For the secondary machining of the through hole and the parting operation required, the
fourth axis was employed for the rotation of the cooling chamber apparatus that the component
was printed on. CNC position probing was required for additive layer positioning offsets, as well
as the subtractive coordinate system origin setup. This would ensure that the parting operation
program written would align with the CAM simulation created (see Figure 106) and would
machine without any clearance issues. When the parting operation was completed (see Figure 107),
the axle bracket hanger would fall onto the bed of the CNC table application, ready with no
additional machining or parting operation required.
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Figure 106: CAM Simulation for Parting
Machine Operation for Axle Bracket
Hanger

Figure 107: Parting Operation on Hybrid
Metal Printer for Axle Bracket Hanger

This reduction in machine time and removing of human interaction allows the 3D Hybrid Metal
Printer and its DED process to become a leader in 3D metal printing technology. The completed
axle hanger bracket (see Figure 108) testing was a crucial metal printed component to prove the
capabilities of the automation processes. These techniques and methods of additive deposition will
be used to conduct further future research and printing capabilities.

Figure 108: Completed Metal Print of the Stainless Steel Axle Bracket Hanger
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Discussion and Results
The 3D Hybrid Metal Printer has become a leading rapid prototyping metal printing
machine capable of competing with other AM metal printers. The research work conducted has
allowed for standard printing techniques to be formed and recorded to provide the repeatability of
successful printing of metal components with the implementation of the in-process feedback and
correction system (see Figure 109).
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Figure 109: In-Process Scanning Procedure with Additive Correction Flow Diagram

This allows for the continuation of research and future advancements that are possible with the 3D
Hybrid Metal Printer. The machine and process optimization itself went through many necessary
upgrades, not only for improvement in quality but also in safety, during the printing process.
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Future Research
Expanded Additive Deposition Tool Retrieval Method
The current additive and subtracting manufacturing process on the 3D Hybrid Metal Printer
has a required coordinate positioning offset (G54 and G55) of 4 inches, a reduction from the
previous 10 inches, in the X-axis travel direction. That is, the deposition process and the subtractive
processes origin (X, Y, and Z-axes) are required to be positioned and referenced before a metal
printed component can be initially started in order to ideally increase efficiency by reducing
machine setup up time and allow for an increased printing volume on the metal printer. A GMAW
torch loading and unloading system could remove the dependence on the multiple coordinate
systems required. The GMAW tool could be loaded into the CNC spindle using the TTS tooling
system, which can be normally compared to a tool loading sequence during subtractive machining.
Design and manufacturing of an initial prototype (see Figure 110) began with a holding device
that held the GMAW torch with the TTS in the spindle of the CNC machine.

Figure 110: GMAW Tool Holder
Note: This prototype model is used for the adherence of the GMAW torch.
From Singleton, J. S., Davey, S. D., Hilkens, T. H., & Sinicki, S. S. (p.18),
(2022, May). Design Innovation for 3D Hybrid Metal Printer. Western
Michigan University.
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This holding device was loaded and unloaded with a rotational pneumatic actuator
controlled with the USB input and output relay. Similar to the linear action of the automatic fourtool changer that was designed for the scanning and probing sequences, the movement of this
system was still pneumatically controlled, with the difference focusing on a rotational movement
with a swing arm attached (see Figure 111).

Figure 111: GMAW Rotational Swing Arm
Note: The prototype swing arm construction of the ATC, used for the loading and
unloading of the GMAW torch tool. From Singleton, J. S., Davey, S. D., Hilkens, T.
H., & Sinicki, S. S. (p.14), (2022, May). Design Innovation for 3D Hybrid Metal
Printer. Western Michigan University.

The drawbacks during testing of this prototype GMAW loading system showed that the applied
force required to stabilize the torch’s nozzle created slip, causing the need for adjustment and resecurement. Another drawback witnessed is that the tool holder showed weakening and stress with
each loading and unloading. Review and redesign will be applied moving forward with this system
(see Figure 112).
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Figure 112: GMAW Automatic Tool Retrieval Complete System
Note: This image shows the entire system together, GMAW ATC with the TTS GMAW torch
mount. From Singleton, J. S., Davey, S. D., Hilkens, T. H., & Sinicki, S. S. (p.18), (2022, May).
Design Innovation for 3D Hybrid Metal Printer. Western Michigan University.

GMAW Welding Wire Feedback Sensor System
During the DED additive deposition process the GMAW welding wire has been shown to
need intermittent inspections and verifications to ensure that the wire is feeding properly and is at
the correct length in reference to exposure from the nozzle. This inspection and verification entail
manual operator management of the metal 3D printer to remove the nozzle and check, requiring
the G&M code printing program to terminate during the process. An arc formation occurs during
the GMAW process when the electrode, or the welding wire, encounters the printing base plate
material or an additive layer (Ersoy, 2008). The welding wire at the end of each additive layer is
not always consistent in exposed length. This creates delay or an initial start in the welding process,
causing a lengthening and shortening of the material deposition process. A system can be created
that advances the welding wire through the contact tip and cuts the wire to an exact length to have
constant exposed length of weld wire to achieve repetition of arc creation (see Figure 113).
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Figure 113: GMAW Wire Length Positioning & Sensor Schematic
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